Dopamine is hypothesized to convey important error information in reinforcement learning tasks 2 with explicit appetitive or aversive cues. However, during motor skill learning the only available 3 65 whether dopamine is involved in error-based learning that relies exclusively on self-evaluation of 66 motor behavior. 67 4
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Figure 1: Songbird neuroanatomy and experimental design. a) A theory for the role of dopamine in sensorimotor learning in songbirds. The left panel shows the brain nuclei in the songbird primarily involved in song production and learning. Area X, a songbird basal ganglia nucleus critical for song learning, receives dense dopaminergic projections from the VTA/SNc complex. The right panel shows the nuclei involved in auditory processing in the songbird. One of the known pathways for auditory information to influence song learning is through the dopaminergic projections to Area X. We target these projections when we perform 6-hydroxydopamine (6-OHDA) lesions into Area X as depicted. b) A schematic for how the custom-built headphones introduce a pitch shifted auditory error to the birds. Briefly, a cage microphone records all sounds made within the cage and sends it through a pitch shifting program which is subsequently played back to the bird through miniature speakers attached to the headphones. The headphones also have an internal microphone to record output from the headphones speakers and to calibrate sound intensity. c) A detailed timeline for each of our experiments (see
Materials and Methods).
Birds with lesions that were not fitted with headphones were returned to their sound boxes post-138 surgery and were recorded for the duration of the experiment. In this case, since they did not 139 have a break in singing due to placement of fully assembled headphones, the baseline was 140 defined as days 6 through 8 post lesion and the "shift" period was defined as day 9 through 22 141 post lesion to keep the timelines comparable between groups. 142 The statistical analyses used in this manuscript are detailed in their corresponding subsections in 143 the Methods. We used a two-sample KS test to quantify dopamine depletion effects of the 6- 144 OHDA microinjections (see Image and Lesion Analysis below). For our pitch quantification, we 145 reported direct probabilities using bootstrapping and these are detailed in the Error quantification 146 and Hypothesis testing with Bootstrap sections below. Since bootstrapping reports Bayesian 147 probabilities, we verified our results with frequentist statistics in the form of Linear Mixed 148 Models as is detailed in the section titled "Validating our Results with Linear Mixed Models". 149 We also examined correlations between lesion extent for each bird and magnitude of change in 150 pitch using the Pearson's correlation coefficient. 151 6-OHDA Lesions: We performed the lesions using stereotactic surgeries as described in detail 152 previously (Hoffmann et al., 2016) . Briefly, birds were anesthetized using ketamine and 153 midazolam and positioned at a beak angle of 20 degrees below horizontal. Isoflurane was used to 154 sustain anesthesia following the first hour of surgery. All stereotactic coordinates were relative to 155 the landmark Y0, the posterior border to the divergence of the central sinus in songbirds. Small 156 craniotomies were performed above the coordinates AP 4.75 to 6.4; ML 0.75 to 2.3 on both sides there was one final injection at AP 4.8, ML 0.8 and DV 2.6 from the surface of the brain. Each 161 injection injected 13.8 nL of 6-OHDA in the slow setting using a Drummond Scientific 162 (Broomall, PA) Nanoject II auto-nanoliter injector. 163 Headphones attachment and assembly: The methodology is described in detail in (Hoffmann et 164 al., 2012). Briefly, each set of headphones was custom-fit to an individual bird under anesthesia. 165 If attached on a bird that also had a 6-OHDA lesion, both lesion and headphones fit adjustment 166 were performed back-to-back in the same surgery. Once the headphones had been successfully 167 fitted for the bird, the electronics (a speaker on each side and a miniature microphone on one side 168 to record headphones output and calibrate volume) were assembled offline. The fully assembled 169 headphones were then refitted to the bird 4-5 days post-surgery. We used a flexible tether with a 170 commutator to power the headphones and read the electronic signals.
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Histology: Following the end of the experiment, headphones were removed and the birds were 172 deeply anesthetized with ketamine and midazolam before performing perfusions using 10% 173 formalin. The brains were postfixed overnight in formalin and then cryoprotected in 30% sucrose 174 for 1 to 4 days prior to slicing into 40 µm sections on a freezing sliding microtome. Alternating 175 sections were either immunoreacted with tyrosine hydroxylase antibody and visualized with 176 diaminobenzidine (TH-DAB) or Nissl stained. TH-DAB was used to quantify the extent of 177 lesions in the 6-OHDA birds, while Nissl was used to verify that there had been no necrosis and 178 to assist in identifying boundaries of Area X in adjacent TH-DAB sections. For the TH-DAB 179 reaction, all incubations were carried out on a shaker at room temperature and all chemicals were 180 dissolved in 0.1M phosphate buffer (PB) unless otherwise noted. Fixed sections were treated 181 sequentially with 0.3% hydrogen peroxide to suppress endogenous peroxidases and 1% sodium 182 borohydride to reduce exposed aldehydes and improve background staining before incubating 183 overnight in a tyrosine hydroxylase antibody solution (Millipore Cat# MAB318, 184 RRID:AB_2201528, 1:4000; 0.3% Triton X-100; and 5% normal horse serum). Tissue was then 185 incubated in biotinylated anti-mouse secondary antibody (Vector Laboratories Cat# BA-2000, 186 RRID:AB_2313581, 1:200 and 0.3% Triton X-100) followed by avidin-biotin-complex (ABC) 187 solution (Vector Laboratories Cat# PK-4000, RRID:AB_2336818). Tissue was exposed to DAB 188 solution (Amresco E733; 5 mg DAB per tablet; 2 tablets in 20 ml of purified water) for 189 approximately 5 min. Sections were mounted, air-dried, delipidized with ethanol and citrisolv, 190 and coverslipped with Permount (Fisher scientific, SP15-500). For the Nissl stained sections,
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Nissl stain was applied on mounted, air-dried tissue, which was delipidized with ethanol and 192 citrisolv, and coverslipped with Permount. Stained sections were imaged using a slide scanner 193 (Meyer Instruments PathScan Enabler IV; 24 bit color, 7200 dpi, "sharpen more" filter, 194 brightness, and contrast level 50) and the resulting images were analyzed using ImageJ 195 (RRID:SCR_003070).
196
Image and Lesion Analysis: TH-DAB stained sections were used for lesion quantification by 197 analysis through a custom written macro in ImageJ. The analysis was based on a metric of 198 optical density described in detail in (Hoffmann et al., 2016) . Briefly, the macro allowed us to 199 demarcate the boundary of Area X in every section that it is present. We also used a 0.5 mm 200 circle to mark a section of representative striatum outside of Area X in the same section. We then 201 defined the quantity optical density ratio (OD ratio) as the ratio between the optical density of 202 Area X in the section to that of striatum in the section as follows:
Since Area X is typically stained darker by TH-DAB than the surrounding striatum (Bottjer, 205 1993; Soha et al., 1996; Hoffmann et al., 2016) , we used the cumulative distribution of the 206 optical density ratio saline injected birds to define our threshold for lesions. Any section in our 207 group of 6-OHDA lesioned birds with an OD ratio less than the 5 th percentile of the saline 208 injected birds sections counted towards the overall proportion of lesioned sections. Additionally, 209 we used a two-sample Kolmogorov-Smirnov test to test whether the lesioned and saline 210 populations were indeed drawn from separate distributions. We also used the threshold 211 procedure described above to quantify lesion extent for individual animals. We then asked 212 whether lesion extent was significantly correlated with vocal behavior metrics such as baseline 213 variance, change in variance from baseline to end of shift and change in pitch at the end of shift.
214
Pitch Quantification: All our analysis was performed using an extracted value of pitch for every 215 instance in which a bird sings a particular syllable. Briefly, birds have multiple syllables within 216 their song and they typically repeat their song hundreds of times per day during the course of the 217 experiment. We call each time they sing a particular syllable an iteration of that syllable. We 218 restricted our analysis to roughly 30 song files per day between 10 am to 12 pm and have shown 219 earlier that the choice of time window does not qualitatively affect our results (Sober and 220 Brainard, 2009; Hoffmann and Sober, 2014; Kelly and Sober, 2014) . To quantify pitch, for each 221 syllable we specify a time during the syllable (relative to syllable onset) during which the 222 syllable is relatively flat and clear in the frequency vs time space and can be reliably quantified 223 across iterations across days. The pitch we extract represents a weighted average of the 224 frequencies with the highest power in the lowest harmonic of the syllable. In order to make 225 comparisons between different syllables whose base frequency can vary widely, we convert the 226 pitches into semitones as shown below:
where s is the change in pitch in semitones, pitch is the observed pitch and baseline is the 229 average pitch across the 3 days of baseline for that particular syllable. For all group analysis, the 230 means reported are the means over all birds and over all syllables weighted by the proportion of 231 times they sang each syllable. This was chosen to account for the fact that syllables that are sung 232 more often are exposed a greater number of times to the shifted auditory feedback. Pitch 233 quantification was performed using custom-written scripts in MATLAB (RRID:SCR_001622).
234
Error quantification: For each of our groups, we had between 4 to 8 birds, each bird performed 235 between 4 to 12 different syllables whose pitch could be quantified, and each syllable was 
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To more accurately quantify the error in our groups and better account for the variance arising independence in hierarchical data. Crucially, to address this issue the resampling described above 260 has to be done separately over each level of the hierarchy. This means that to generate a single 261 subsample, we first resampled among the birds, then for each selected bird, we resampled among 262 its syllables and finally for each syllable, we resampled among its iterations. Finally, we 263 acknowledged that Bengalese finches can vary greatly in their syllable repertoires from one bird 264 to the next. While all birds typically have an order of 10 syllables, some birds repeat one or two 265 syllables with a much higher frequency than any other syllable while others represent each 266 syllable equally. Since the bootstrapping procedure was used to calculate uncertainty of 267 measurement due to sampling from a limited number of birds, we posited that each syllable 268 would be equally likely in hypothetical new birds. Therefore, we set the number of iterations of a 269 particular syllable that could occur in a bootstrapped subsample to be independent of the 270 frequency of occurrence of that syllable in the actual data. All the data for the subsample were 271 then combined and their mean was calculated for the subsample. Note that this procedure only 272 applies to our estimate of measurement uncertainty (not the mean pitch values), since the means 273 reported in the results are calculated from the actual data collected. This process was then 274 repeated N times. In order to also account for the error in estimation of the mean of each syllable 275 during baseline, the resampling was performed on pitch measurements recorded in hertz (Hz) 276 and the measurements were converted to semitones just prior to calculating the mean pitch for 277 each subsample. A similar procedure was followed for quantifying error during washout. To 278 account for the error in estimation of pitch on the last day of pitch shift, the subtraction of the 279 mean pitch on the final day of shift through the washout period was performed following the 280 resampling. Our error quantification was performed using custom written scripts in MATLAB 281 (all analysis scripts will be made available on Github post-publication).
282
Hypothesis testing with Bootstrap: In addition to using bootstrapping to compute error estimates 283 as described above, we also used a bootstrapping approach to test whether vocal pitches were group is significantly different from zero, one would compute the proportion of the population of 298 bootstrapped means that are greater than or equal to zero. If this proportion is less than 0.025 299 then the pitch of the group of interest is significantly below zero while if the proportion is greater 300 than 0.975 then the pitch of the group is significantly above zero. 301 We used a similar approach to compute significant differences between two groups of interest. In 302 this case, we compute a population of bootstrapped means for each group. From these two 303 bootstrapped populations, we compute a joint probability distribution between the bootstrapped 304 means of the two groups. The null hypothesis representing no difference between the two groups 305 would correspond to a circle centered about the unity line. Therefore, to test the difference 306 between the two groups, we compute the volume of the joint probability distribution on one side 307 of the unity line (including the unity line itself) to quantify the probability of one group being 308 greater than or equal to the other group. If the probability computed is greater than 0.975, then 309 the first group is statistically greater than the second group. Alternatively if the probability 310 computed is less than 0.025, then the first group is statistically less than the second group. We 311 computed multiple comparisons between groups by computing differences between 2 groups at a 312 time and applied a Bonferroni correction to the threshold for significance. Our statistical tests 313 were performed using custom scripts written in MATLAB which will also be made available on 314 Github post-publication.
315
Validating our Results with Linear Mixed Models: To ensure that our results were robust to our 316 choice of error quantification and design, we also separately reported frequentist statistical tests where xij refers to the condition of the shift (± 1 semitone or 0 semitone) and is the fixed effect 326 while b0jk accounts for the bird identity and c00k accounts for syllable identities within a bird 327 which are both variable effects. The code for hypothesis testing using LMMs was also done in 328 MATLAB and will be available on Github post-publication.
329
Results: 330 We performed pitch shift experiments on 6 unlesioned birds (3 each for upward shifts and 331 downward shifts) and 8 lesioned birds (4 for upward pitch shift and 4 for downward pitch shift).
332
Following the end of the pitch shift, we also collected data during the "washout" period, i.e.,
333
when the pitch shift is set back to zero and the bird typically reverts its pitch back to baseline. All 334 6 unlesioned birds had washout data collected for 6 days following the end of shift. Of the 8 6-
335
OHDA lesioned birds, 4 had data for washout for 7 days each (we were unable to record washout 336 data for the other 4 lesioned animals due to technical problems associated with long-term use of 337 the headphones). In addition, we performed control experiments with 2 unlesioned birds fitted produced a cumulative distribution plot of the ratio across all sections for these birds. We then 355 defined the 5 th percentile of that distribution as the threshold for defining lesioned sections (see 356 Materials and Methods). When we produced a similar cumulative distribution plot of the OD 357 ratio for all 16 of our 6-OHDA lesioned birds, around 37.5% of all sections were below the 358 threshold defined above (Fig. 2b ). This was somewhat smaller than the lesion extent for the 359 cohort of birds in (Hoffmann et al., 2016) in which 50% of lesioned sections were below the 360 threshold. However, the lesions were qualitatively similar between the two groups. In addition, 361 the population of OD ratios for the 6-OHDA lesioned birds was consistently below that for the 362 saline injected birds as verified by a two-sample Kolmogorov-Smirnov test (K = 0.3467; p = 363 5.75*10 -9 ). We have also previously shown that such 6-OHDA lesions have no discernible effect The ratio for each section is calculated as the OD ratio between these two regions. b) Cumulative distribution plots for the saline injected birds (black trace) and the 6-OHDA lesioned birds (red trace). The shaded portion represents ratios that are greater than the 5 th percentile for the saline injected birds. By this metric, 37.5% of all 6-OHDA lesioned sections have a smaller OD ratio. any shifts in feedback pitch (Sober and Brainard, 2009 ). As shown in Figure 3a , the mean pitch 369 across days 12 through 14 of the experiment for these birds was found to be 0.02 ± 0.07 370 semitones (all measures of mean pitch reported are mean ± SEM). Since this particular dataset 371 only consists of the 6 data points shown in Figure 3a , it did not make sense to perform a 372 bootstrap analysis (here SEM is measured across 6 data points; see Materials and Methods).
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Instead we used a one sample t-test and found that this distribution was not significantly were statistically indistinguishable (probability of resampled mean pitch with headphones greater 382 than that without headphones was p = 0.098; see Hypothesis testing with Bootstrap in Materials 383 and Methods). As a result, we combined the data from the 2 groups for the remainder of our 384 analyses (the means for individual groups and traces for individual birds are shown in Fig. 3-1 ).
385
The resulting mean shift in pitch during the course of the experiment is shown in Figure 3b . The mean pitch greater than or equal to zero was p = 0.0029), demonstrating, unexpectedly, that 6-
390
OHDA lesions of Area X impacted song production by reducing the average pitch over time 391 even in the absence of pitch-shifted auditory feedback. greater than or equal to zero was p < 10 -4 ; limit due to resampling 10 4 times) and when subjected 398 to a -1 semitone shift in pitch, the unlesioned birds increase their pitch (mean pitch change over 399 days 12 to 14 for N = 3 birds was 0.36 ± 0.11 semitones; red trace, Fig. 4a ; probability of 400 resampled mean pitch greater than or equal to zero was p = 0.9996, recall that in our 401 bootstrapping analysis we conclude that distributions are significantly different if the probability 402 that one is greater than or equal to the other is less than 0.025 or greater than 0.975; see Methods;
403 traces for individual birds are shown in Fig. 4-1a ). The result of plotting adaptive change in pitch 404 (inverting y-axis for +1 semitone shift birds) for unlesioned birds is shown in Figure 4c (probability of resampled mean pitch for +1 semitone shift greater than or equal to that for -1 408 semitone shift was p < 10 -4 ; limit due to resampling 10 4 times). This resampling-based analysis 409 reaffirms our initial finding (Sober and Brainard, 2009 ) that unlesioned birds respond adaptively 410 to pitch-shifted auditory errors and compensate accordingly for them, despite the fact that this 411 earlier paper did not take into account the hierarchical nature of the data and the resulting change in pitch for individual lesioned birds subjected to a ± 1 semitone pitch shift. Note that one bird subjected to a +1 semitone shift has a discontinuity at shift day 12 since the bird did not sing at all that day. Also note how one bird in the -1 semitone shift group is at or slightly above zero by the end of the shift. This bird is the reason for the group not being statistically significantly below zero (this bird also had an extended baseline of 6 days; see
Materials and Methods).
propagation of uncertainty when computing statistical significance.
415
For 6-OHDA lesioned birds however, all birds decreased their pitch over time regardless of the 416 direction of pitch shift through the headphones (Fig. 4b) , similar to what we observed in lesioned 417 birds with no pitch shifts (Fig. 3b) . The +1 semitone shift group had a final pitch change of -0.38 418 ± 0.16 semitones (probability of resampled mean pitch greater than or equal to zero was p = 419 0.0040) while the -1 semitone shift group changed to a final pitch of -0.46 ± 0.19 semitones 420 (probability of resampled mean pitch greater than or equal to zero was p = 0.0747) relative to the 421 baseline (traces for individual birds are shown in Fig. 4-1b) . The two groups were not 422 statistically different from each other (probability of resampled mean pitch of +1 semitone shift 423 group being greater than or equal to that of -1 semitone shift group was p = 0.26). We also 424 compared each group to the no shift group and did not find statistically significant results 425 (probability of resampled mean pitch of no shift group being greater than or equal to that of -1 426 semitone shift group was p = 0.62; probability of resampled mean pitch of no shift group being 427 greater than or equal to that of +1 semitone shift group was p = 0.91). All statistical comparisons 428 have been summarized in Table 1 . Furthermore, when we quantified the adaptive change in pitch 429 for this group, the final change in pitch was close to zero (gray trace, Fig. 4c ). This suggests that 430 following 6-OHDA lesions, birds do not respond adaptively to the auditory error. Instead, the 431 birds seem to reduce their pitch over time regardless of the direction or presence of pitch-shifted 432 auditory error. Note that as was mentioned above and shown in Since the hierarchical bootstrapping as we have performed here to calculate statistical tests and 441 standard errors has not been widely applied to such datasets in neuroscience previously, we also effect of the shift condition (+1 semitone shift vs -1 semitone shift vs no shift) was not 452 significant (t = 1.91; p = 0.056). Also, when we combined the shift groups and compared them to 453 the no shift groups, the effect was not statistically significant (t = 1.47; p = 0.14). That these 454 models give us the same statistically significant results as our bootstrapping procedure gives us 455 an independent verification of our error calculation and statistics. 456 
No correlations between lesion extent and changes in pitch:
We measured the extent of 457 6OHDA lesions by quantifying the proportion of histological sections that fell below the 5 th 458 percentile of section OD ratio for saline injected birds (see Methods). We can use this same 459 threshold to obtain a rough metric of the lesion extent for each bird. Using this lesion extent, we 460 computed correlations between the lesion extent and a variety of metrics of changes in pitch 461 during the experiment (Table 1) . However, we saw no significant correlations.
462

Table 2: Correlations between lesion extent and changes in song metrics
Lesion extent versus:
Pearson's correlation, towards baseline levels (Sober and Brainard, 2009 ). Hence, we refer to this period as washout. 467 We first collected washout data from the birds that had 6-OHDA lesions and headphones but no 468 shifts. As stated earlier, by days 12 through 14 of the shift period, these birds had a mean pitch of 469 -0.20 ± 0.13 semitones. By days 6 and 7 of the washout period, their pitch had changed to -0.34 470 ± 0.15 semitones ( Fig. 5a ; traces for individual birds are shown in Fig. 5-1a ). The probability of 471 the resampled mean pitch during the end of the shift period being greater than or equal to that 472 during the end of the washout period was p = 0.67. Therefore, although the change was not 473 statistically significant, the mean pitch did drop further during washout. In order to quantify how 474 much the pitch changes in response to the end of the sensory perturbation (pitch shift), we 475 subtracted the mean pitch for each syllable on the last day of pitch shift throughout the entire 476 washout period and quantified the resulting deviation in pitch (Fig. 6a ). This emphasizes the 477 dynamics of how the pitch changes or Δ(Pitch) over time during washout in response to the end 478 of the shift. The resulting change in pitch was found to be -0.12 ± 0.11 semitones (probability of 479 resampled mean pitch greater than or equal to zero was p = 0.22).
480
Unlesioned birds displayed a robust return to baseline following the end of the pitch shift period 481 as shown in Figure 5b (see traces for individual birds in Fig. 5-1b ). For birds subjected to a -1 482 semitone shift, they reduced their pitch from 0.36 ± 0.11 semitones at the end of shift to 0.17 ± 483 0.08 semitones during the last 2 days of washout (probability of mean resampled pitch during 484 washout being greater than or equal to that at the end of shift was p = 0.08). Equivalently, birds 485 subjected to a +1 semitone shift increased their pitch from -0.40 ± 0.07 semitones at the end of 486 the shift period to -0.20 ± 0.05 semitones by the end of the washout period (probability of mean 487 resampled pitch during washout being greater than or equal to that at the end of shift was p = 488 0.98). We also computed the dynamics underlying the Δ(Pitch) over time during the washout 489 period by subtracting the pitch for each syllable on the last day of shift through the washout 490 period (Fig. 6b) . Birds subjected to a +1 semitone shift, having reduced their pitch during the or equal to zero was p = 0.0003). Similarly, birds subjected to a -1 semitone shift reduced their 497 pitch back towards baseline during washout by -0.22 ± 0.11 semitones relative to the last day of 498 shift (probability of resampled mean pitch greater than or equal to zero was p = 0.0064).
499
For our 6-OHDA lesioned birds, only 4 out of 8 birds had data for 7 days of washout due to 500 difficulties in keeping the headphones attached (2 each for upward and downward shifts). We 501 repeated the analysis for washout for these birds as described above for lesioned no shift and 502 unlesioned birds. First, the mean change in pitch from the last day of shift through the washout 503 period is shown in Figure 5c . Birds subjected to a +1 semitone shift returned their pitch back 504 towards baseline increasing their pitch from -0.31 ± 0.19 semitones at the end of the shift period 505 to -0.20 ± 0.14 semitones by the end of the washout period (blue trace in Fig. 5c , probability of 506 mean resampled pitch during washout being greater than or equal to that at the end of shift was p 507 = 0.75). Contrary to expectations however, the birds subjected to a -1 semitone shift drifted 508 further away from baseline reducing their pitch from -0.16 ± 0.22 semitones at the end of the 509 shift to -0.38 ± 0.30 semitones by the end of the washout period (red trace in Fig. 5c , probability 510 of mean resampled pitch during washout being greater than or equal to that at the end of shift 511 was p = 0.35). The traces for individual birds are shown in Figure 5 -1c.
512
Curiously, when we quantified the change in pitch in response to the end of the sensory 513 perturbation subtracting the pitch change through the last day of shift through the washout period 514 as before (i.e. measured the direction of pitch changes during washout, without considering the 515 magnitude or direction of the pitch changes at the end of the shift period), the dynamics of the 516 change in pitch was very similar to that seen in unlesioned birds (Fig. 6c ). Lesioned birds 517 subjected to a +1 semitone shift, averaging across the last 2 days of washout, shifted their pitch 518 0.24 ± 0.06 semitones with respect to the last day of shift (probability of resampled mean pitch 519 lesser than or equal to zero was p = 0.0003). Lesioned birds subjected to a -1 semitone shift on 520 the other hand, changed their pitch by -0.28 ± 0.11 semitones with respect to the last day of shift 521 (probability of resampled mean pitch greater than or equal to zero was p = 0.0182). This result 522 once again shows the dual effects we are observing following dopamine depletion. First, while 523 not statistically significant, the pitch continued to drop for birds with unshifted auditory 524 feedback. On the other hand, washout results between lesioned and unlesioned shift birds were 525 very different in that washout is severely impaired in lesioned birds but confusingly followed the 526 same dynamics for the Δ(Pitch) over time following the end of the pitch shifted auditory 527 feedback.
528
Discussion: 529 Our results reveal two key effects of dopamine manipulation on the control of birdsong. First, all 530 birds subjected to a 6-OHDA lesion of Area X displayed a drop in average vocal pitch which 531 appeared between a week and two weeks post-lesion ( Fig. 3b and Fig. 4b ). Second, 6-OHDA 532 lesioned birds displayed a severe deficit in sensorimotor learning as is evidenced by the lack of 533 difference in response to a +1 or -1 semitone shift in pitch ( Fig. 4b and gray trace in Fig. 4c ).
534
While our primary finding seems to be one that implicates a role for dopamine in motor 535 production, i.e., ability to produce higher pitched renditions of syllables in a bird's repertoire, 536 there is also a clear role for dopamine in learning the adaptive response to a sensory perturbation.
537
It is true that when subjected to a +1 semitone pitch shift, there was no difference in mean 538 change of pitch between lesioned (-0.38 ± 0.16 semitones) and unlesioned (-0.40 ± 0.07 539 semitones) birds ( Fig. 4a and b , blue traces). However, when subjected to a -1 semitone pitch 540 shift, while the adaptive response would be to raise their pitch, lesioned birds lowered their pitch 541 (red trace in Fig. 4b ). In addition, even for the lesioned birds subjected to a +1 semitone shift, results suggest two factors at play, namely, motor production and sensorimotor learning.
548
Disentangling these has been a hard problem in neuroscience (Beninger, 1983; Wise, 2004) Here, we isolated the lesions' effects on motor production by including the lesioned no shift 552 group. 553 We have previously reported that 6-OHDA lesions of Area X do not produce any changes in 554 number of songs produced or in any general motor behavior (Hoffmann et al., 2016) . We 555 similarly did not observe any qualitative difference in song quality or motor behavior between 556 lesioned birds reported in this study and the birds reported in the 2016 study except the systemic 557 drop in average pitch of songs sung post-lesion. Note however that the lesioned birds reported in 558 this study were recorded from for 2 to 3 weeks longer post-lesion than those from the 2016 study 559 due to differences in time required to complete the behavioral experiments post-lesion. It 560 therefore seems likely that this extended timeframe was necessary to observe the aforementioned 561 pitch drop. individual syllables did increase their pitch. Furthermore, as noted above the birds in the present 586 study were recorded for a longer period of time post-lesion than those reported previously.
587
The results from our washout data from the 6-OHDA lesioned birds are challenging to interpret.
588
It is true that the lesioned birds subjected to a +1 semitone shift did return their pitch towards 589 baseline and washout seemed to be unaffected for these birds (blue trace, Fig. 5c ). Previous resulting in their mean pitch moving further away from the baseline pitch (red trace, Fig. 5c ).
594
This suggests that washout is severely impaired in dopamine depleted birds. On the other hand, 595 curiously, the change in pitch over time analyzed during washout in response to the end of the 596 shift period was very similar between lesioned and unlesioned birds (compare Fig. 6b and 6c ).
597
We speculate that the lesion effects reported above could reflect either an inability to adaptively 598 modulate motor output in response to error signals or from miscalculations in computing the 599 error in the first place. that performs an adaptation to an error signal will fail to replicate the data without an additional 607 mathematical mechanism to drive pitch downward in the presence of a reduced dopamine signal.
608
One potential modification to the model would be to add a "relaxation state" into which the The same analysis as in a) for unlesioned birds subjected to ± 1 semitone shift (N = 3 870 birds each). c) The same analysis as in a) for lesioned birds subjected to ± 1 semitone 871 shift (N = 2 birds each). The * and N.S. refer to a significant difference versus not 872 respectively for each group compared to zero over the last two days of washout. 
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